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Introduction
The processes that generate species turnover through time are central to many ecological theories (Rosenzweig 1995 (Rosenzweig , 1998 . Island biogeography theory, for example, proposes that diversity on islands is structured through processes that promote or dampen colonization, speciation, and local extinction rates, a premise that has since been adopted by metacommunity and neutral theory (MacArthur and Wilson 1967; Hubbell 2001; Leibold et al. 2004) . Each of these bodies of theory can be used to predict temporal signatures of diversity over ecological timescales (MacArthur and Wilson 1967; Loreau et al. 2003; Gilbert et al. 2006) . Because these temporal patterns of diversity-and the processes that structure them-are amenable to empirical tests, researchers have increased efforts to characterize and quantify species turnover through time (Adler and Lauenroth 2003; Anderson 2007; White et al. 2010) .
A central question for understanding patterns of temporal diversity is whether diversity reflects an equilibrium condition of species loss and gain through time. On ecological timescales, where speciation is assumed to be unimportant, equilibrium diversity occurs when colonization and extinction events are equal on average. Although much of our understanding of island biogeography and metacommunities reflects equilibrium assumptions of species gain and loss (e.g., MacArthur and Wilson 1967; Tilman 1994; Klausmeier 2001) , nonequilibrium communities may be common and provide novel insights into the processes that structure diversity through time (Hastings 2004) . For example, insect diversity often fluctuates seasonally in temperate and tropical regions; determining the ecological drivers of nonequilibrium dynamics is necessary for understanding a large portion of the diversity in these forests (Kishimoto-Yamada and Itioka 2015) . Moreover, as chronic shifts in environmental conditions proceed with climate change, understanding nonequilibrium dynamics may be increasingly necessary for species conservation (Wolkovich et al. 2014) .
A number of approaches have been developed to model species turnover through time, with the usefulness of different approaches depending on whether diversity is at equilibrium. The species-time relationship is an approach that models average accumulation of diversity over samples separated by different time intervals and is appropriate for modeling the accumulation of diversity in communities that are at equilibrium (fig. 1; Adler and Lauenroth 2003) . Multivariate measures of turnover, like Sorensen distance, are mathematically related to the slope of a species-time relationship when communities are at equilibrium (Bennett and Gilbert 2015) . However, these measures can also be calculated separately over any given time period, allowing researchers to test ecological drivers of turnover in nonequilibrium communities (Korhonen et al. 2010) .
Approaches have also been developed to examine colonization and extinction dynamics more directly, allowing researchers to test drivers of temporal change in nonequilibrium communities (Brown et al. 2001; Anderson 2007 
Here, colonization and extinction events are expressed per species in a patch using mean species richness at both time periods S; these per species measures are useful when comparing among ecological communities that differ in their species pools or when variation increases with mean species richness, as has been derived for some models and random sampling processes (e.g., MacArthur and Wilson 1967) . In the remainder of this article, all measures of colonization and extinction use this per species standardization. Conceptual model illustrating when species accumulation curves calculated using average (estimated) accumulation differ from observed species accumulation curves and how these differences relate to turnover metrics. A, Averaging approach used in species-time relationship studies is valid when species richness is at equilibrium (gray and black line do not differ). B, Turnover components calculated from A; turnover (Sorensen distance) is the mean of colonization (plus signs) and extinction (minus signs). Relative colonization (RC) is not significantly different from 0 when richness is at equilibrium. C, Averaging approach is not valid in nonequilibrium communities, when species richness changes as a result of nonrandom changes in the relative importance of colonization and extinction. D, Turnover components calculated from simulations in C. Turnover components are calculated using equations (1) and (2). Specific methods and simulation code are given in the appendix, available online. CI, confidence interval.
Colonization and extinction can be modeled as functions of ecological drivers, such as climatic variation, and can also be compared directly to determine whether a community is in equilibrium. We present a metric to facilitate the latter comparison, which we call relative colonization (RC):
which expresses colonization of a patch relative to turnover (eq. [2a]) or, equally, the amount of turnover that is due to colonization compared with extinction (eq.
[2b]). The RC metric attains a maximum value equal to Sorensen distance when all turnover results from colonization events. Similarly, it attains negative values when more turnover results from extinction events than colonization events, reaching a minimum of 21 when extinction of all species in a community is not offset by colonization ( fig. A1 ; figs. A1-A7 available online). Unlike previous approaches that quantify colonization and extinction (e.g., Valone and Brown 1995; Brown et al. 2001; Anderson 2007) , the RC metric (eqq.
[2]) need not be correlated with turnover. Additionally, in cases where species richness is not changing through time because colonization and extinction rates are the same, the RC metric will be stable and centered on 0 regardless of the time between sampling events, whereas Sorensen distance under the same conditions will increase toward a maximum of 1 as the time between sampling increases. As a result, a simple test of whether RC differs from 0 is sufficient to determine whether colonization or extinction dynamics predominate in a given time period (i.e., if a metacommunity displays nonequilibrium dynamics; fig. 1 ).
An additional advantage of isolating the effects of colonization and extinction-and their net effect on diversity via the RC metric-is that it allows researchers to model mechanisms that drive nonequilibrium dynamics in species richness. More concretely, changes in species diversity over time are often modeled as a function of environmental conditions, such as changes in temperature or rainfall. By testing the effect of environmental variables on turnover, its components, and RC separately, it is possible to determine when changes in the environment simply speed up both colonization and extinction dynamics and when they cause changes in one to overwhelm the other.
We test colonization and extinction dynamics in metacommunities of mites associated with rubber trees (Hevea brasiliensis Muell. Arg. Euphorbiaceae) in three provinces in Brazil. These communities comprise a spatially extensive sample (11,000 km) that was collected over the course of 5 years, for a total of 13 sites that included 250-400 rubber trees each. Each site functions as a metacommunity, with trees acting as local assemblages with hundreds of leaves that are habitat for the mites. Species passively disperse within and among trees by wind or phoresis over long distances and actively disperse over short distances. Rubber trees are deciduous and have synchronized phenological cycles across regions so that all leaves senesce during the dry season (late July or August) and new leaves emerge in September. This annual cycle corresponds to 30-60 generations, depending on the mite species Daud et al. 2012) . The combination of seasonal and dispersal dynamics makes the mite system particularly well suited to testing metacommunity processes over time.
Our goals for this study were (1) to determine whether our metacommunities were at equilibrium by examining whether colonization and extinction dynamics were directional over time, (2) to determine whether environmental conditions are predictive of colonization and extinction dynamics, and (3) to test whether environmental conditions that drive turnover differ from those that influence RC. We show that jointly considering extinction, colonization, turnover, and RC clarifies the importance of ecological processes that any single measure of turnover would fail to detect.
Methods

Study System
We built a data set from five previous surveys (Demite and Feres 2007; Daud et al. 2010; Nuvoloni 2011; Castro 2012; Daud and Feres 2013) . These surveys covered 13 sites from three provinces in Brazil and were sampled between 2004 and . The surveys applied the same methodology of sampling, with collection of leaflets occurring monthly or biweekly for the period of 1 year; we included monthly samples in our data set. A set number of trees were sampled in each site by removing a fixed number of leaves from the tree crown. The number of trees sampled and number of leaves varied among surveys but were consistent within surveys (appendix, available online). We discuss how these differences in sampling were addressed in our statistical methods below.
In total, our data contained more than 150 species of mites and approximately 1 million individuals from a total of 225 m 2 of leaf area. Voucher specimens are housed in the Acari collection (DZSJRP; http://www.splink.cria.org.br) of the Laboratório de Acarologia, Departamento de Zoologia e Botânica, Universidade Estadual Paulista, São José do Rio Preto, Brazil. All identification was standardized by F. M. Nuvoloni from voucher specimens.
Climatic data were obtained from local meteorological stations and the authors of surveys. The variables included , were average temperatures (7C), average relative humidity (%), rainfall for 30 days before sampling (mm), and sunlight duration (h; all variables taken monthly). From these data, we created two types of variables that were used in analysis. First, we created change variables, expressed below as D temperature, D relative humidity, and so on. Change variables give the change in each variable from month to month and were calculated as the value in the later month minus the value in the earlier month (e.g., temperature June 2 temperature May ). These variables test the hypothesis that a change in diversity is driven by changes in environmental conditions. We then calculated mean variables by taking the means of each environmental variable for each set of two adjacent months (e.g., mean of September and October, October and November). This was done to test associations with the mean environmental condition experienced during a period of turnover. There were no significant correlations between the mean variables and their associated change variables (largest absolute value of r p 0:08). We included both groups of variables in our statistical analyses, because turnover or colonization could be favored by certain conditions, such as high temperatures, or could respond more strongly to changes in environmental conditions, as is often assumed in multivariate tests of turnover (Gilbert and Bennett 2010) . Turnover showed a hump-shaped relationship with one variable (D temperature; residuals of linear analysis had a clear pattern), and a quadratic term for this (centered) variable was therefore included in the turnover analyses. Similarly, rainfall was log transformed to meet analysis assumptions.
Data Analysis
September was established as the first phenological month (T 0 ) in order to standardize all sites by date of leaf emergence. To understand how species vary throughout the year and across sites, we estimated temporal alpha diversity (species richness) and cumulative richness per tree as well as species temporal turnover rates (colonization, extinction, RC, and Sorensen) by considering the change in composition from each month to the following month. Our data exclude changes from time 0 to 1 if there were initially no leaves to sample and similarly exclude the end of the phenological year if a given tree had no leaves to sample. Excluding these data points avoids obvious directionality in colonization and extinction that must occur with habitat creation or destruction and also caused the variation in our estimates to be greatest at the first and last months because of low sample sizes.
Because of differences in sampling effort across surveys (different numbers of trees sampled per time period), we first calculated each index on a per tree basis and then generated mean indices for each site # month combination by averaging across all trees within sites for a given month.
This approach treats each site as a single metacommunity, and generates one measure per metacommunity per time step. To account for systematic differences among sites, we used mixed models for all analyses, with site considered a random factor. Alpha diversity was calculated as the mean diversity per tree in a given site and month. Observed cumulative richness was calculated as the observed cumulative number of species per tree up to the sampling date given. Estimated or averaged cumulative richness was calculated in two ways. First, the cumulative number of species observed on average for the same number of months but assuming sampling through time is random (R software for this and all subsequent analyses; vegan library using function specaccum with the exact method). This first approach is closest to Preston's initial proposal for the species-time relationship. Second, we used a nested approach, where month 1 was the average alpha of all months, month 2 was the average of all species accumulated over a 2-month period (i.e., from month 1 to 2, month 2 to 3, month 3 to 4), and so on (following Adler and Lauenroth 2003) . This nested approach provides 12 data points for 1 month, 11 for 2 months, and so on until there is a single data point for 12 months; we used the mean of each time point for each tree. Colonization and extinction were measured relative to mean species richness (eq. [1]), and their average is Sorensen distance (vegdist function in vegan library). RC was calculated according to equation (2); all metrics have a single value for each transition (i.e., one transition from September to October, another for October to November, and so on), providing one less measure per tree than our original number of observations. We used two approaches to test whether the mite communities were, on average, in equilibrium. First, we calculated the ratio between estimated (using random sampling assumptions) and observed cumulative richness. By definition, these two measures of cumulative richness need to converge at 12 months, when both are equal to the total number of species observed. If the averaging approach is appropriate, the slope of the ratio of these indices should not be statistically different from 0, meaning that the relative importance of C and E are essentially random through time and thus observed cumulative richness does not diverge from a random expectation. This first test was performed using a linear mixed model (lmer function from lme4 library), with site considered a random factor and both the slope and slope # site terms tested for significance. The appendix provides more details on how missing data were accounted for in both fully random and nested calculations of cumulative richness.
In our second test of nonequilibrium dynamics, we determined whether the average RC was significantly different from 0 across sampling periods. The null hypothesis for this test is that communities are at equilibrium. This test was performed using phenological month as the pre-dictor (with September equal to 1). Month was treated as a linear or class variable as was appropriate from examinations of the data and residuals, and site was included as a random factor (lme function in nlme library). Confidence intervals were generated using the predictSE.lme function in the AICcmodavg library, with the number of sites used to determine the degrees of freedom.
Following these initial analyses, we tested the influence of environmental covariates on colonization, extinction, RC, and Sorensen distance using linear mixed models (lme function in nlme library). We determined the combination of the mean and change variables that predicted each index as follows. For each index, we first calculated the variables that were significant predictors alone and then included these alone and in all linear combinations to create a set of candidate models. These candidate models were then compared using the corrected Akaike information criterion (AICc) for model selection (aictab function in AICcmodavg library), and the best-fitting model (highest weight) was tested for statistical significance. To meet model assumptions, rain was log transformed, and temperature was included as both a (centered) linear variable and a quadratic term. Data for all analyses presented are deposited in the Dryad Digital Repository: http://dx.doi.org/10.5061/dryad.4t393 (Nuvoloni et al. 2016 ).
Results
Species diversity followed broadly similar patterns among sites, with the highest mite diversity observed around month 8 (figs. 2, A2). The patterns of alpha diversity largely reflected mite abundances, with the highest diversity occurring when abundances were high (figs. A3, A4; Spearman's r p 0:85, P ! :001). The variance in alpha diversity scaled with the mean, and this ratio did not change over time (P p :19; fig. A5 ).
The mite metacommunities displayed nonequilibrium dynamics over most of the season, with climatic conditions appearing to drive some of these dynamics (figs. 2, 3). As a result, modeling turnover using the average accumulation of diversity was not effective in these communities; it consistently overestimated species accumulation in the first months following leaf-out (figs. 2A, A2, A6). Colonization was highest at the beginning of the season but showed a sharp decline in the third month followed by increases in the fourth and fifth months ( fig. 2B ). This drop in the third month was matched by a rise in extinction, causing Sorensen turnover to remain fairly constant at the beginning of the season ( fig. 2B ). In contrast, the shift from colonizationdominated to extinction-dominated turnover in the third month caused RC to diverge from a simple linear trend (AICc weight of analysis by month was 1, although linear analysis was still a significantly better fit than an intercept-only model). Months 6-9 had an RC that was not significantly different from 0 ( fig. 2B ), meaning that communities were close to equilibrium species richness in only this subset of 4 months.
Colonization and extinction responded differently to climatic conditions, generating patterns of turnover that were distinct from relative colonization (RC; figs. 3, A7). Absolute temperature, change in temperature, and relative humidity were the climatic variables that were included in the final models for these four responses ( fig. 3) . Colonization was highest and extinction lowest at approximately 257C, causing RC to peak at this temperature ( fig. 3A, 3B) . A relatively steep A, Alpha diversity, observed and estimated cumulative richness by phenological month. The selected site (site 13; fig. A2 , available online) is closest to the average among sites in terms of the difference between the cumulative richness observed versus estimated using the averaging approach. Asterisks above the data points signify a significant difference between observed and estimated cumulative richness on the basis of ttests with a sequential Bonferroni correction. Results for all sites are shown in figure A6 , available online. B, Turnover components calculated for all metacommunities. Relative colonization (RC; black) is not significantly different from 0 when richness is at equilibrium. All error bars are 95% confidence intervals, with estimates in A based on the representative site and in B based on variation among sites after averaging across trees within sites. . B, Temperature effect on RC reflects the nonlinear difference in colonization and extinction patterns, whereas Sorensen decreases on average with higher temperature. C, D, Change in temperature between months causes colonization and RC to increase but has no detectable effect on extinction and Sorensen. E, F, Relative humidity causes colonization and extinction to increase at almost equal rates, which increases Sorensen but has no detectable effect on RC. In A-F, lines are included for a metric only if the explanatory variable was statistically significant. The dashed line at zero (B, D, F) marks equilibrium species richness, as measured by the RC metric.
rise in extinction at low temperatures caused Sorensen turnover to be greatest at low temperatures ( fig. 3B ). Increases in temperature from one month to the next also generated high colonization, while extinction showed a negative but nonsignificant trend ( fig. 3C ). These dynamics caused RC to increase as temperatures rose between months, whereas Sorensen turnover showed no significant response ( fig. 3D ). Finally, extinction and colonization increased at almost identical rates with relative humidity ( fig. 3E ), causing an increase in Sorensen turnover and no change in RC ( fig. 3F ). The confidence intervals for RC give an indication of the climatic conditions that allow communities to maintain an equilibrium number of species. In particular, RC was not significantly different from 0 when mean temperature was moderately low (22.57-23.57C) or high (267-26.57C); species richness decreased in more extreme conditions and increased between these temperature windows ( fig. 3B ). Similarly, consistency in temperature appears necessary to maintain equilibrium conditions; RC was not different from 0 when mean temperature was constant over time (approximately 517C from one month to the next; fig. 3D ). These two measures of temperature were independent (r p 0:045) and were both present in the final model for RC, indicating that both mean temperature and change in temperature are important for nonequilibrium dynamics.
Discussion
Mite Metacommunities: Temporal Turnover and Nonequilibrium Dynamics
Colonization and extinction dynamics in the mite metacommunities changed at different rates over time, suggesting that local diversity is rarely at equilibrium in this system ( fig. 2 ). These temporal patterns in metacommunity dynamics resulted in changing rates of species turnover throughout the growing season, a phenomenon that is likely found in many ecosystems (e.g., Korhonen et al. 2010) . Using the RC metric to decompose turnover, we were able to determine when temporal changes caused nonequilibrium metacommunity dynamics and the proximate climatic drivers of these dynamics. These insights provide a novel understanding of species turnover through time and how it can inform our understanding of colonization and extinction dynamics in metacommunities.
Many authors have proposed that metacommunity dynamics underlie both species-area and species-time relationships through both extinction-colonization dynamics and sampling of environmental heterogeneity (e.g., Rosenzweig 1998; Rosenzweig and Ziv 1999; Adler et al. 2005; Scheiner et al. 2011) . Metacommunities offer a clear example of why the effects of space and time on diversity are often impossible to separate; spatial turnover among similar habitat patches results from species changing over time through stochastic colonization and extinction events. Similarly, temporal turnover requires that species have refuges in order to persist over the long term; these refuges may often be spatial (e.g., Venable and Brown 1988; Loreau et al. 2003) . Our study suggests that using time series to model the components of turnover provides a more mechanistic understanding of the independent and combined effects of colonization and extinction on diversity and may also lead to an understanding of the factors that drive these processes.
Applying our approach to natural metacommunities allowed us to identify distinct effects of environmental drivers on species turnover and nonequilibrium dynamics that highlight the importance of isolating temporal metacommunity processes. For example, if species turnover were considered alone, it would appear that diversity was most influenced by low temperatures and high relative humidity ( fig. 3B,  3F ). Although turnover was highest at low temperatures, extinction exceeded colonization in these conditions, resulting in a decrease in local richness ( fig. 3A, 3B ). In contrast, high relative humidity increased both colonization and extinction rates and therefore caused high turnover but was not a significant predictor of nonequilibrium dynamics ( fig. 3E, 3F) .
The impact of environmental change on temporal diversity reflects its influence on the net colonization and extinction rates of all species and, as a result, may be predictable from the population ecology of constituent species. Although data is lacking for most mite species, our results are consistent with the biology of mite species that have been well studied. For example, relative humidity increases egg hatching rates of six common predatory mite species on rubber trees, with relative humidity above 70% causing the highest rates of hatching and below 50% causing hatching failure in some species (De Vis et al. 2006 ). Higher hatching rates should increase colonization for the predatory mites, which may in turn lower population sizes and increase the risk of extinction in their prey species. However, relative humidity is also a strong predictor of mite infection by the fungal pathogen Hirsutella thompsonii (Nuvoloni et al. 2014) . The Hirsutella genus produces many of the most important pathogens of eriophyoid mites and likely represents an important cause of mortality and extinction in the mite community (Nuvoloni et al. 2014) . Given the opposing effects of relative humidity on community dynamics through increased hatching, predation, and pathogen infection, it is not surprising to find that it increases species turnover but not RC.
The effects of temperature and seasonal changes in temperature are also consistent with the biology of well-studied mites and general metabolic processes. For many organisms, reproductive rates increase exponentially with temperature to a maximum, at which point they quickly decline (Savage et Although the temperature dependence of Neotropical mites is not well studied, the data available indicate that the highest net reproductive rates and finite rates of increase occur from 257 to 307C (Childers et al. 1991; Gerson 1992; Ali 1998) . This peak in reproductive rates is slightly higher than the mean temperatures that lead to the highest level of relative colonization ( fig. 3B) , a difference that is expected because of the nonlinearity of the temperature-fitness relationship . Importantly, high reproductive rates are expected to reduce the probability of stochastic extinction events when populations are initially rare, leading to higher colonization and lower extinction rates (Lande et al. 2003) .
Temperature change between contiguous months was also important for metacommunity dynamics, with large increases in temperature increasing colonization ( fig. 3C ). This effect of changing temperature can arise when interacting species have different temperature sensitivities, which can induce both transient and long-term shifts in species dynamics . The importance of changing temperatures on mites reflects the influence that variation in environmental conditions, rather than mean environmental conditions, may have on metacommunity processes; nonequilibrium dynamics were observed when absolute changes in mean temperature between months exceeded 17C ( fig. 3D) . Surprisingly, changes in environmental conditions were not predictive of species turnover. Many spatial analyses of turnover test the effects of environmental change, not the ambient environment per se, and thus may miss important drivers of metacommunity dynamics (Gilbert and Bennett 2010) . Indeed, because only temporal data is suited to decoupling colonization and extinction from turnover, an important question for future studies is whether the different effects of ambient versus changing environments that we observed hold across ecosystems.
Temporal changes in diversity are likely due not only to external environmental conditions, but also to changes in habitat quality-the rubber tree leaf in the case of mites. Rubber tree leaves are partially defended by the release of hydrogen cyanide when damaged, but the amount of hydrogen cyanide released changes with leaf age (Lieberei 1988 (Lieberei , 2007 Kadow et al. 2012) . Similarly, leaf maturation alters leaf photosynthetic properties and associated chemical composition, such as the amount of soluble proteins and the presence of lignin (Lieberei 2007; Miguel et al. 2007 ). These changes are expected to favor some species while disadvantaging others, causing predictable shifts in species composition (Lieberei 2007; Daud et al. 2012; Kadow et al. 2012 ). In our system, full leaf maturation occurs after approximately 50 days in natural field conditions (Miguel et al. 2007 ); species changes associated with leaf maturation would be captured in our months 2 and 3 measurements, which is when we observe the first shift toward large numbers of extinctions. Interestingly, a previous meta-analysis of arthropod successional dynamics showed no change in extinction rates over time, reflecting either differences among systems or the short time frames of many arthropod studies (Anderson 2007) . More generally, our results suggest that deterministic shifts in habitat quality with habitat age likely influence mite temporal diversity, just as they have been shown to be important to a variety of other ecosystems (e.g., Nilsson and Rosenberg 2000; SteffanDewenter and Tscharntke 2002) .
The temporal dynamics in our metacommunities are distinct from those in classic metacommunity paradigms, which focus on spatial determinants of diversity, yet clear analogs to some of the spatial determinants can be identified (Chesson 2003; Abrams et al. 2013) . For example, the species sorting paradigm is simply niche partitioning driven by spatial environmental heterogeneity (Leibold et al. 2004) ; this spatial partitioning allows species to coexist if they differ sufficiently in how they partition the environment and have some restriction to dispersal (Gilbert 2012) . Environmental partitioning through time can occur via the storage effect (Chesson 1994 (Chesson , 2003 and is only slightly more restrictive than the spatial partitioning required for species sorting (Abrams et al. 2013) . Such mechanisms can drive shifts in abundance and diversity with environmental fluctuations (Angert et al. 2009; Jones and Gilbert 2016) . Our results raise the possibility that these temporal mechanisms may be important determinants of diversity in metacommunities and lead to nonequilibrium colonization and extinction dynamics that are rarely captured in purely spatial models. Although hypotheses such as the storage effect require more detailed tests, their potential importance suggests that further study is warranted.
The metacommunity patterns that we observed also highlight other questions for future research, such as the role of environmental synchrony in maintaining diversity. Most previous research has predicted that environmental fluctuations destabilize metapopulations and metacommunities because of either correlated fluctuations in population size across patches (Gaggiotti and Hanski 2004) or the inability of species to persist during periods of unsuitable conditions (Loreau et al. 2003) . The temporal patterns of colonization and extinction that we observed were surprisingly consistent, considering that the metacommunities were distributed over hundreds of kilometers and sampled in separate years ( fig. 2 ). This consistency across our study sites appeared to result from seasonal climatic variation ( fig. 3 ) and is likely common in many ecosystems that experience predictable temporal changes, be it seasonally or over longer periods, as is typical of multiyear climatic oscillations (e.g., Wright and Calderón 2006; Kane 2011 ). An important goal for these systems is to identify when synchrony among sites destabilizes diversity and when it functions opposite to classic predictions by stabilizing metacommunity dynamics (Vasseur and Fox 2007) .
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Comparing Turnover and Nonequilibrium Dynamics among Metacommunities
The mathematical relationships among RC, Sorensen distance, colonization, and extinction raise the question of when these metrics are necessary (eqq. Legendre and De Caceres 2013; Bennett and Gilbert 2015) . We argue that RC can play a similar role in understanding nonequilibrium dynamics. In the simplest case, RC provides a paired contrast that can be used to test for nonequilibrium dynamics ( fig. 2B ). Its greatest value, however, is as a standardized metric for comparing the direction and strength of nonequilibrium dynamics among communities that may differ greatly in average diversity (e.g., site 13 vs. site 12; fig. A2 ). This standardization allows for tests of common causal mechanisms that structure nonequilibrium dynamics ( fig. 3 ), which are becoming increasingly important as climate change alters the nature of temporal fluctuations in climatic conditions (Wolkovich et al. 2014) .
It is important to note that although our study examines changes to local communities (i.e., mites on individual trees) within metacommunities (forests or plantations), RC could be applied more broadly to understand changes to species persistence. For example, just as we examine turnover and RC within each tree, an exhaustively sampled metacommunity would provide data on when species are gained or lost from the metacommunity as a whole. Although infeasible in the mite metacommunities studied, exhaustive sampling would allow for tests of metapopulation extinctions, which are one potential end point of nonequilibrium dynamics driven by species responses to environmental fluctuations (Lande et al. 2003; Loreau et al. 2003) . Similarly, RC could clarify how local diversity responds to regional diversity following species invasions. In both cases, the RC approach could provide a measure of nonequilibrium dynamics that links temporal processes at local scales to the diversity of the entire metacommunity.
The RC index that we have presented may also be used to understand other ecological patterns, such as the scale dependence of SARs. The shape and slope of SARs is often considered to represent different ecological dynamics: exponential SARs result from sampling processes, power function SARs result from sampling multiple habitats or areas with distinct evolutionary histories, and logistic SARs result from exhaustive sampling of a bioregion (Rosenzweig 1995; He and Legendre 1996) . The first of these-the sampling effectresults from the finite number of individuals in small samples and constrains the number of species that may be present and result in higher turnover (He and Legendre 1996; Fridley et al. 2006) . The sampling effect is relevant to metacommunity dynamics; it measures the rate of species turnover among ecologically equivalent patches. A sampling effect also occurs over time, and this small-scale temporal turnover has even been used to account for a spatial sampling effect (Fridley et al. 2006) . Contrasting RC with turnover allows us to isolate this sampling effect because random colonization and extinction events cancel out of the RC metric (eq. [2b]) but contribute to turnover metrics like Sorensen distance.
The interplay of ecological and evolutionary processes that structure species diversity on islands may also be better understood using RC or a similar metric aimed at population dynamics. Many expansions of island biogeography theory have incorporated speciation rates into temporal changes in diversity, especially on islands where these rates are expected to match or exceed colonization rates (e.g., Rosenzweig and Ziv 1999; Gillespie and Baldwin 2009) . Incorporating ecological dynamics of colonization and extinction into evolutionary processes-such as gene flow, population divergence, and admixture-is increasingly providing insights into island diversity (Gillespie 2016) . Our approach to detecting nonequilibrium dynamics may offer new insights into when ecological dynamics provide opportunities for the emergence of new species and, when considered at a population level, for when periods of high gene flow or isolation are likely to occur. Such considerations of nonequilibrium fluctuations in species diversity and local abundances are a promising avenue for future research in ecology and evolutionary biology.
